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ABSTRACT 
TRANSPORT PROCESSES OF PARTICLES IN DILUTE 
SUSPENSIONS IN TURBULENT WATER FLOW - PHASE I 
Modif icat ions t o  an e x i s t i n g  experimental  system have been made and 
have been demonstrated t o  provide t h e  r equ i r ed  r e s o l u t i o n  and v a r i a b l e  
parameter iza t ion  necessary f o r  a d e t a i l e d  s tudy  o f  d i l u t e  p a r t i c l e  
suspensions i n  a t u rbu len t  water  flow. These modi f ica t ions  t oge the r  
with t he  reasons f o r  t h e i r  n e c e s s i t y  a r e  d i scussed .  
L inea r i za t i on  of non-Stokesian drag has  been accomplished through t h e  
i n t roduc t ion  of a diagonal  t e n s o r  i n t o  t h e  Stokes drag f o r c e  equa t ion .  
I t  was found t h a t  non-Stokesian e f f e c t s  t end  t o  be of minor importance 
i n  t h e  response o f  water  borne p a r t i c l e s .  
1 
Jones ,  Barclay G . ;  Beole t to ,  James A . ;  Meek, Charcles C . ;  Ostensen, Raymond J .  
and Robin, Ronald 
TRANSPORT PROCESSES OF PARTICLES IN DILUTE SUSPENSIONS IN TURBULENT 
WATER FLOW - PHASE I 
Research Report No. 40 ,  Water Resources Center ,  Univers i ty  of I l l i n o i s ,  
March 1971, Urbana, I l l i n o i s ,  36 + iii p .  
* KEY WORDS -- t u r b u l e n t  p a r t i c u l a t e  t r a n s p o r t / d i l u t e  suspension/"water 
pollution/non-Stokesian/flow m e a s u r e m e n t s ~ i s p e r s i o n / ~ ~ t u r b u l e n t  flow 
TABLE OF CONTENTS 
ABSTRACT 









LIST OF FIGURES 
Figure Page 
1 Detai led Schematic of t h e  Experimental Turbulence Loop 7 
2 Comparison of Mean Veloci ty P r o f i l e s  a t  50,000 Reynolds 
Numb e r  8  
3 P a r t i c l e  Injector-Removal System 10 
4 Schematic of t he  Fabricated P a r t i c l e  13 
5 P a r t i c l e  Tra jec tory  Data Acquis i t ion  System 14 
6 Power Spec t r a l  Density of S t a t i c  P a r t i c l e  Noise and 
of Water Veloci ty from a Turbulent Flow F ie ld  17 
7 Resolving Eff ic iency  of t h e  Detect ing System 18 
8 The Ef fec t  of P a r t i c l e  Reynolds Number on t h e  Drag 
Parameter Based on Ingebo's Drag Law f o r  Longitudinal 
and Transverse Free F a l l  Di rec t ions  
9 P a r t i c l e  Response Functions f o r  Near Neut ra l ly  
, Bouyant P a r t i c l e s  ( 6  = 0.99) 
10 P a r t i c l e  Response Function f o r  Moderately Heavy 
P a r t i c l e s  (B = 0.8) 
11 P a r t i c l e  Response Function f o r  Heavy P a r t i c l e s  
(B = 0.1) 
12 Non-Stokesian Drag Addition t o  Stokesian P a r t i c l e  
Response f o r  Se lec ted  6  and 6 
13 Non-Stokesian Drag Addition t o  Stokesian P a r t i c l e  
Response and Power Spec t r a l  Density f o r  Carbon 
P a r t i c l e s  i n  A i r  29 
14 Non-Stokesian Drag Addition t o  Stokesian P a r t i c l e  
Response and Power Spec t r a l  Density f o r  Sand P a r t i c l e s  
i n  Water 3  1 
INTRODUCTION 
A knowledge of t h e  motion of p a r t i c l e s  suspended i n  a  t u rbu len t  
f l u i d  f i e l d  i s  of g r e a t  technologica l  i n t e r e s t .  Applicat ion of t h i s  t o  
such top ic s  a s  atmospheric d i spe r s ion  of  p a r t i c u l a t e  from chimneys, rad io-  
a c t i v e  f a l l o u t ,  f l u i d i z e d  beds and eros ion  of sho re l ines  demonstrates 
t he  importance of  understanding t h i s  phys ica l  phenomenon. Unfortunately,  
a t  t he  p re sen t  t ime, t he re  i s  no s a t i s f a c t o r y  desc r ip t ion  which i s  ab le  
t o  r e a l i s t i c a l l y  incorpora te  t h e  many complicated and i n t e r r e l a t e d  
phenomena inhe ren t  i n  t h e  process .  I t  i s  a  wel l  known f a c t  t h a t  adequate 
a n a l y t i c a l  desc r ip t ions  of s i n g l e  phase f l u i d  turbulence i s  s t i l l  lacking.  
I t  was with t h e  hope of  f u r t h e r i n g  the  understanding of  t h e  motion of 
' 
suspended p a r t i c l e s  i n  a  t u rbu len t  f l u i d  f i e l d  t h a t  an i n i t i a l  s tudy 
by ~ o n e s l *  was undertaken. This p re sen t  s tudy  i s  an extension of  h i s  
work. 
Pe r t i nen t  t o  t h e  s tudy of t he  motion of p a r t i c l e s  i n  a  t u rbu len t  
f l u i d  f i e l d  i s  the  ques t ion  of whether t he  presence of t h e  p a r t i c l e s  
a f f e c t s  t he  f l u i d  turbulence.  Such e f f e c t s  could r e s u l t  from a  concen- 
t r a t e d  suspension of  p a r t i c l e s  i n  which p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s  
occur,  from a  d i l u t e  suspension of r e l a t i v e l y  l a rge  p a r t i c l e s  ( l a rge  com- 
pared t o  t he  sma l l e s t  c h a r a c t e r i s t i c  dimension of t he  tu rbu len t  f l u i d )  
o r  from the  combination of t hese  a f f e c t s .  Such s t rong ly  coupled systems 
would no t  be s u i t a b l e  f o r  i n i t i a l  s t u d i e s  of t he  motion of p a r t i c l e s ,  
although it i s  o f t en  i n  such systems t h a t  t he  technologica l ly  a t t r a c t i v e  
* 
Raised numbers i n d i c a t e  l i t e r a t u r e  l i s t e d  i n  t h e  References.  
app l i ca t ions  a r e  found. A more s u i t a b l e  system, from which fundamental 
knowledge of t h e  behavior  of a  p a r t i c l e  could be examined, would be one 
i n  which t h e  d e t a i l e d  motion of a  s i n g l e  (preferab ly  small)  p a r t i c l e  
could be s tud ied .  Although the  use of s i n g l e  par t ic leswould  reduce t h e  
number of i n t e r a c t i n g  phenomena i t  would not  n e c e s s a r i l y  guarantee t h a t  
t he  p a r t i c l e  would not  a f f e c t  t h e  f l u i d  turbulence .  However, p o s i t i v e  
con t ro l  of t h e  p a r t i c l e ' s  phys ica l  p r o p e r t i e s  could conceivably provide 
s u i t a b l e  parameter iza t ion  t o  reso lve  t h i s  i n t e r a c t i o n  phenomenon. 
Severa l  a n a l y t i c a l  s t u d i e s  have been conducted on t h e  motion of 
2 
small  p a r t i c l e s  i n  a  f l u i d .  The o r i g i n a l  work of Basset,  Boussinesq, 3 
and ~ s e e n , ~  on t h e  slow motion of a  s o l i d  sphere i n  a  f l u i d  a t  r e s t ,  has 
been extended t o  inc lude  the  s t a t i s t i c a l  na ture  of t he  p a r t i c l e  motion 
i n  a  s t a t i o n a r y  tu rbu len t  f l u i d .  In  i t s  most general  form, t h e  Lagrangian 
' equat ion descr ib ing  the  p a r t i c l e  motion becomes a  s t o c h a s t i c ,  nonl inear ,  
i n t e g r o d i f f e r e n t i a l  equat ion.  There has been l i t t l e  success  i n  so lv ing  
t h i s  equat ion.  
5 Chao, i n  s tudying t h i s  s t o c h a s t i c  equat ion i n  i t s  l i n e a r i z e d  form, 
succeeded i n  obta in ing  many use fu l  r e l a t i o n s  f o r  t he  behavior  of  t h e  
6 p a r t i c l e .  However, Lumley. has  i nd ica t ed  t h a t  l i n e a r i z a t i o n ,  which 
ignores  t he  "e s sen t i a l "  non l inea r i t y  introduced by the  appearance of  
t h e  p a r t i c l e  p o s i t i o n  as  an argument of t h e  f l u i d  v e l o c i t y ,  may not  be 
meaningful un less  t he  p a r t i c l e  is  much smal le r  than t h e  sma l l e s t  t u rbu len t  
space-sca le  of  t he  f l u i d  and i t s  response time is  s h o r t  compared t o  t h e  
s h o r t e s t  t u rbu len t  t ime-scale  of t h e  f l u i d .  A conceptual ly s impler  non- 
l i n e a r i t y  r e s u l t s  when t h e  Stokes Drag Law r e l a t i o n  is  v i o l a t e d .  This 
occurs when high r e l a t i v e  motion i s  present  between t h e  p a r t i c l e  and i t s  
surrounding f l u i d .  Kada and ~ a n r a t t ~ , '  i n  t h e i r  s tudy of suspensions 
having non-Stokesian drag c h a r a c t e r i s t i c s ,  revea led  a  s t a t i s t i c a l  i n t e r -  
ac t ion  which developed between the  tu rbu len t  f l u i d  and the  suspended 
p a r t i c l e s .  The s t a t i s t i c a l  c h a r a c t e r i s t i c s  of  both phases were s t rong ly  
a f f e c t e d .  Recently i t  has been pos tu l a t ed  by S h i r a z i  and chaos t h a t  
such a  s t a t i s t i c a l  i n t e r a c t i o n  may be p re sen t  even when Stokes drag 
app l i e s .  
9 Csanacty and o t h e r s  i n  an attempt t o  desc r ibe  p a r t i c l e  motion i n  
atmospheric s i t u a t i o n s  where the  p a r t i c l e ' s  f r e e  f a l l  v e l o c i t y  i s  
apprec iab le  have centered  t h e i r  a t t e n t i o n  on t h e  p a r t i c l e ' s  time auto- 
c o r r e l a t i o n  coe f f i c i en t .  Thei r  s t u d i e s  i n d i c a t e  t h a t  high p a r t i c l e  f r e e  
f a l l  ve loc i ty ,  with t he  r e s u l t i n g  passage of t h e  p a r t i c l e  through many 
d i f f e r e n t  c o r r e l a t e d  f l u i d  regions - t h e  so -ca l l ed  c ross ing  t r a j e c t o r i e s  
e f f e c t ,  causes a  d r a s t i c  reduct ion  i n  p a r t i c l e  c o r r e l a t i o n  and hence 
reduced p a r t i c l e  d i spers ion .  I t  i s  thus apparent t h a t  cons iderable  
L. 
v a r i a t i o n  of opinion e x i s t s  as  t o  j u s t  how p a r t i c l e s  behave i n  a  t u rbu len t  
f l u i d  flow. 
Several  i n v e s t i g a t o r s  have experimental ly  examined tu rbu len t  f l u i d  
flows conta in ing  d i l u t e  and concentrated p a r t i c l e  suspensions.  The 
r e l a t i v e  dens i ty  d i f f e r ence  of t he  f l u i d  and p a r t i c l e s  has  been shown 
t o  be of p a r t i c u l a r  s ign i f i cance  i n  a l l  of t h e s e  s t u d i e s .  I t  provides 
t h e  bouyant fo rce  through the  a c t i o n  of t h e  g r a v i t a t i o n a l  f i e l d  and is 
c lose ly  a s soc i a t ed  with a c c e l e r a t i v e  fo rces .  The kinematic v i s c o s i t y  
of t he  f l u i d  and the  p a r t i c l e  dimensions were a l s o  shown t o  be  important .  
In many flow v i s u a l i z a t i o n  s t u d i e s  small ,  n e u t r a l l y  bouyant, p a r t i c l e s  
have been succes s fu l ly  employed t o  map complicated flow p a t t e r n s  i n  
20 
i r r e g u l a r  flow geometries.  The proceedings of an ASME symposium on 
t h e  s u b j e c t  inc ludes  a  v a r i e t y  of app l i ca t ions  t o  t u rbu len t  flows. The 
general  assumption i n  t hese  app l i ca t ions  was t h a t  t h e  small  p a r t i c l e s  
behaved a s  small  f l u i d  elements and t h a t  they followed t h e  flow p a t t e r n s  
i den t i  c a l  l y  . 
S p e c i f i c  s tud ie s  have been made t o  determine whether t h e  p a r t i c l e s  
a c t u a l l y  do behave as  f l u i d  elements.  Batchelor ,  Binnie and P h i l l i p s  10 
have u t i l i z e d  n e u t r a l l y  bouyant p a r t i c l e s  i n  t u rbu len t  flow i n  pipes t o  
examine t h e  na tu re  of Euler ian and Lagrangian ve loc i ty  averages.  They 
found, by measuring the  t r a n s i t  times of p a r t i c l e s ,  t h a t  t hese  averages 
were e s s e n t i a l l y  t h e  same. This conclusion has been i n t e r p r e t e d  as  
j u s t i f y i n g  the  use of t h e  equivalence of t h e  Euler ian  and Lagrangian 
averages i n  t u rbu len t  d i spe r s ion  ana lyses .  ~ u m l e ~ '  has  t h e o r e t i c a l l y  
proven t h a t  t h e i r  conclusions a r e  j u s t i f i e d  wi th in  t h e  r e s t r i c t i o n s  of 
t h e i r  experimental system. Kada and ~ a n r a t t ~ ~  have examined t h e  o t h e r  
extreme i n  which the  p a r t i c l e  and f l u i d  d e n s i t i e s  a r e  widely d i f f e r e n t .  
1 
They observed t h a t  t he  p a r t i c l e s  s t rong ly  a f f e c t  t h e  f l u i d  turbulence 
and t h a t  t h i s  coupled motion s t rong ly  a f f e c t s  t he  tu rbu len t  t r a n s p o r t  
c h a r a c t e r i s t i c s  of t he  flow f i e l d .  
Torobin and ~ a u v i n ' l  i n  a  s e r i e s  of a r t i c l e s  have reviewed and 
examined the  behavior of d i l u t e  suspensions i n  t u rbu len t  flows. In a  
s epa ra t e  a r t i c l e1*  they have repor ted  d a t a  on drag c o e f f i c i e n t s  of s i n g l e  
spheres  moving i n  s teady  and acce l e ra t ed  motion i n  a  t u rbu len t  f l u i d .  
Macroscopic observat ions i n  non-Stokesian flow revealed t h a t  t h e  drag of 
t h e  p a r t i c l e s  was inf luenced by a  d i s rup t ion  of  the  wake and by a  laminar- 
t u rbu len t  t r a n s i t i o n  i n  t h e  a t tached  boundary l aye r .  No d e t a i l e d  t r a -  
j  e c t o r i e s  were measured. 
~ e n n e d ~ ' ~  and snyder14 have examined the  d i spe r s ion  of small  
p a r t i c l e s  i n  a  decaying tu rbu len t  f i e l d .  By s tudying the  p o s i t i o n  and 
t ime t h a t  i n d i v i d u a l  p a r t i c l e s  passed  f i x e d  measuring s t a t i o n s ,  t hey  
were a b l e  t o  accumulate s u f f i c i e n t  s t a t i s t i c a l  in format ion  t o  eva lua t e  
d i f f u s i o n  c o e f f i c i e n t s ,  p a r t i c l e  v e l o c i t y  a u t o c o r r e l a t i o n  f u n c t i o n s ,  
i n t e g r a l  s c a l e s  and d i s s i p a t i v e  s c a l e s  from t h e  d a t a .  However, they  
were unable  t o  measure t h e  d e t a i l e d  s t r u c t u r e  o f  t h e  p a r t i c l e  t r a j e c t o r i e s .  
Seve ra l  r e l a t e d  r e f e r ences  a r e  c i t e d  i n  t h e i r  t h e s e s .  
The c u r r e n t  p r o j e c t  i s  an ex t ens ion  o f  work r e p o r t e d  i n  two e a r l i e r  
papers  ( s ee  r e f e r ences  1 and 8) i n  which t h e  exper imental  and a n a l y t i c a l  
a spec t s  o f  suspended p a r t i c l e  motion i n  a  t u r b u l e n t  f l u i d  f i e l d  were 
s t u d i e d .  I n  t hose  s t u d i e s  t h e  p a r t i c l e  t r a j e c t o r y  moni tor ing system 
was s e v e r e l y  l i m i t e d  by e l e c t r o n i c  no i s e  and by t h e  l a r g e  minimum s i z e  
of  t he  p a r t i c l e s .  S ince  bo th  problems, a s  we l l  a s  o t h e r s ,  made t h e  
f i n d i n g s  o f  t h e s e  experiments somewhat u n c e r t a i n ,  g r e a t  emphasis i n  t h e  
. c u r r e n t  p r o j e c t  was p l aced  on t h e i r  s u c c e s s f u l  s o l u t i o n .  A n a l y t i c a l l y ,  
t h e  non-Stokesian drag  f o r c e  express ion  was l i n e a r i z e d  through t h e  u se  
o f  a  d iagona l  t e n s o r  whose components, t o  a  f i r s t  approximation,  depend 
on ly  on t h e  p a r t i c l e ' s  f r e e  f a l l  v e l o c i t y  i n  a  q u i e s e n t  f l u i d .  These 
exper imental  and a n a l y t i c a l  a spec t s  a r e  d i s cus sed  i n  d e t a i l  i n  t h e  
fo l lowing  s e c t i o n s .  
EXPERIMENTAL 
In accordance with t he  ob j ec t ives  of t h i s  p r o j e c t ,  ex tens ive  modi- 
f i c a t i o n s  t o  t h e  e x i s t i n g  experimental f a c i l i t i e s  have been made so  as  
t o  ga in  s t a t i o n a r y  f l u i d  tu rbulence ,  s u c c e s s f u l l y  f a b r i c a t e  d i f f e r e n t  
types of  p a r t i c l e s ,  and improve t h e  s i g n a l - t o - n o i s e  l e v e l  p r e sen t  i n  
t h e  p a r t i c l e  t r ack ing  system. I t  i s  f e l t  t h a t  a  d e l i n e a t i o n  o f  t he se  
problems toge the r  with t h e i r  s o l u t i o n  might prove of  b e n e f i t  t o  those  
engaged i n  s i m i l a r  research  work. 
Many modi f ica t ions  have been made t o  t h e  experimental loop t h a t  
8 
  ones' and Shi raz i  (see Fig.  1) used i n  t h e i r  p a r t i c l e  monitoring 
experiments.  In t h e  header  tank  a d d i t i o n a l  wire  sc reen ing  has been 
p laced  around t h e  Borda mouth with a  view toward inc reas ing  flow uniformity 
i n t o  the  i n l e t  s e c t i o n .  An aluminum t e s t  s e c t i o n  was used t o  rep lace  
' t h e  c l e a r  c a s t  a c r y l i c  r e s i n  tubing t e s t  s e c t i o n  f o r  f l u i d  tu rbulence  
measurements. Five en t ry  s t a t i o n s  a r e  equa l ly  spaced along i t s  seven- 
t een  f o o t  l ength  pe rmi t t i ng  p i t o t  tube and anemometer measurements t o  be  
made. These measurements showed t h a t  t h e  f l u i d  tu rbulence  i n  t h e  t e s t  
s e c t i o n  was no t  f u l l y  developed nor  s t a t i o n a r y ;  consequently a  s t a i n l e s s  
s t e e l  rake was p laced  a t  t h e  Borda mouth s o  a s  t o  " t r i p "  t h e  i n t i a l  
flow causing t h e  more r ap id  development of s t a t i o n a r y  turbulence.  
Fur ther  it was found t h a t  a t  t h e  e x i t  from t h e  t e s t  s e c t i o n  a  s i g n i f i c a n t  
asymmetry e x i s t e d  due t o  t h e  proximity of an elbow a t  t h e  e x i t .  A s u i t a b l e  
honeycomb r e s i s t a n c e  was i n s e r t e d  s u c c e s s f u l l y  providing symmetry t o  t h e  
e x i t  flow. That s t a t i o n a r y ,  a s  wel l  as  symmetric, tu rbulence  has been 
achieved throughout t he  t e s t  s e c t i o n  can be  seen i n  F ig .  2 where t h e  
mean v e l o c i t y  p r o f i l e s  a t  t h e  t e s t  s e c t i o n  en t rance  and e x i t  ( a t  a  p ipe  


















F i g .  1 Detai led Schematic of the  Experimental Turbulence Loop 
blear1 Vcloci ty Nornialized to Ccrtterl-ine - 
The replacement of a l l  b r a s s  and i r o n  va lves ,  as  we l l  a s  t h e  c a s t  
i r o n  pump, with s t a i n l e s s  s t e e l  components has  enabled a  de-ionized 
water  condi. t i o n ,  which is  necessary f o r  succes s fu l  anemometer opera t ion ,  
- 6 t o  be r e a d i l y  maintained a t  a  10 mho-cm l e v e l .  
A t  the  p a r t i c l e  c a t c h e r ' s  en t rance  (see Fig. 1 )  a  funnel  sc reen  
has been placed t o  f a c i l i t a t e  removal of t he  r a t h e r  smal l ,  r ad ioac t ive  
p a r t i c l e s  used i n  the  experiment. In  add i t i on ,  f i n e  mesh screening  
prevents  any poss ib l e  escape of  t h e  p a r t i c l e s  from t h e  ca t che r  should 
they  somehow miss t he  funnel  sc reen .  A p a r t i c l e  handl ing system enabl ing 
the  removal of them from the  p a r t i c l e  ca t che r ,  t h e  t r anspor t ing  of them 
up t o  t he  header tank, and t h e i r  i n j e c t i o n  back i n t o  the  f l u i d  flow i n  
l e s s  than a  minute has been designed, b u i l t ,  and t e s t e d  (see Fig.  3 ) .  
Such a  system allows minimum exposure time t o  t h e  r ad ioac t ive  p a r t i c l e  
and thus maximum s a f e t y  t o  t h e  experimenters.  
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Fina l ly ,  a  new p a r t i c l e  i n s e r t i o n  device which allows the  p a r t i c l e  
t o  be i n j e c t e d  d i r e c t l y  i n t o  t h e  i n l e t  s e c t i o n  j u s t  below the  Borda 
mouth through a  small  tube d i r e c t e d  along t h e  cen te r l i newas  made. This 
device i s  mounted t o  a  p l a t e  which is  pos i t ioned  immediately above the  
i n l e t  s e c t i o n  near  t he  f r e e  f l u i d  su r f ace  i n  t h e  header tank.  This new 
device e l imina tes  t h e  flow dis turbances caused by the  previous p a r t i c l e  
i n s e r t i o n  device which was placed downstream of t h e  i n l e t  s e c t i o n .  
One of t h e  most c r u c i a l  problems t o  be met and solved was t h a t  of 
p a r t i c l e  choice and f a b r i c a t i o n .  To have t h e  widest poss ib l e  para-  
meter iza t ion  toge the r  with adequate s i g n a l  i n t e n s i t y  was the goal  of 
t h i s  search f o r  t he  optimum p a r t i c l e .  Previous measurements by Jones 
and S h i r a z i  were made with p a r t i c l e s  having r a d i o a c t i v i t y  induced, 
cons tan t  i n t e n s i t y  l i g h t  emission. Since these  had r e l a t i v e l y  weak 

i n t e n s i t y ,  t h i s  requi red  t he  use of  l a r g e  p a r t i c l e s  (about 6  mm i n  
diameter)  which r a i s e d  some doubt a s  t o  whether they  were s e n s i t i v e  t o  
a l l  t h e  c h a r a c t e r i s t i c  t u rbu len t  f l u i d  motion. Fur ther ,  s i n c e  t h e  
p a r t i c l e s  s i g n a l  was emi t ted  l i g h t ,  t h e  e n t i r e  monitoring equipment had 
t o  be  kept  i n  a  l i g h t  t i g h t  environment - a  bothersome r e s t r i c t i o n .  The 
weakness of  t he  l i g h t  i n t e n s i t y  a l s o  r e s u l t e d  i n  a  nea r  i n t o l e r a b l y  low 
s igna l - t o -no i se  r a t i o .  Several  a l t e r n a t i v e s  t o  t h i s  r a d i o a c t i v i t y  induced 
l i g h t  s i g n a l  were considered inc luding  t h e  p o s s i b l e  use  of  u l t r a v i o l e t  
a c t i v a t i o n  of f l uo re scen t lycoa t ed  p a r t i c l e s ;  however, upon cons idera t ion  
of t h e  advantages of improved s igna l - t o -no i se  c h a r a c t e r i s t i c s  and t h e  
p o s s i b i l i t y  of  sma l l e r  s i z e  it was decided t h a t  r ad ioac t ive  p a r t i c l e s  
would be  most s u i t a b l e .  I n i t i a l l y  cesium 137 sources ,  having 10 m i l l i -  
c u r i e s  a c t i v e l y ,  embedded i n  a  one mi l l ime te r  p l a s t i c  microsphere were 
considered.  This i so tope  provides  a  s u i t a b l y  long h a l f - l i f e  f o r  c a l i b r a -  
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t i o n  s t a b i l i t y  and can be  concentrated t o  g ive  t h e  needed compactness 
f o r  small  p a r t i c l e  s i z e .  These microspheres were then  encapsulated i n  
expandable po lys tyrene ,  thus  enabl ing  s i z e  and d e n s i t y  parameter iza t ion  
depending on mold s i z e .  Such encapsula t ion  r e q u i r e s  immersion of t h e  
mold i n  b o i l i n g  water  f o r  h a l f  an hour and un fo r tuna t e ly  some 60% of 
t h e  t o t a l  cesium 137 a c t i v i t y  leaked from the  mold i n t o  t h e  h o t  water  
ba th .  Apparently t h e  h e a t  t oge the r  with t he  r a d i a t i o n  damage had broken 
down t h e  p l a s t i c  ma t r ix  i n  which the  cesium 137 had p rev ious ly  been 
embedded. 
A r e - eva lua t ion  o f  pos s ib l e  r a d i o a c t i v e  p a r t i c l e s  was then under- 
taken and it was decided t h a t  t h e  d i f f i c u l t y  encountered i n  t h e  use  of 
cesium 137 could be avoided by us ing  n i c k l e  p l a t e d  coba l t  60 p a r t i c l e s .  
These p a r t i c l e s  a r e  c y l i n d r i c a l  i n  shape with a  diameter  of  .039 inches 
and a  he igh t  of .020 inches,  t h e i r  a c t i v i t y  be ing  10 m i l l i c u r i e s  and 
t h e i r  h a l f - l i f e  adequately long. No d i f f i c u l t y  was encountered i n  f i n a l  
p a r t i c l e  f a b r i c a t i o n  us ing  these  coba l t  p a r t i c l e s  and as  such a  genera l  
scheme f o r  product ion of  var ious  s i z e  and d e n s i t y  p a r t i c l e s  has  been 
evolved. Three mold s i z e s  2mm, 3mm, and 5 mm i n  diameter  a r e  used. A 
r a d i o a c t i v e  coba l t  cy l inde r  t oge the r  with po lys tyrene  and a  q u a n t i t y  of 
t h i n  i r o n  wire  ( t o  g ive  t h e  r equ i r ed  f i n a l  p a r t i c l e  dens i ty )  i s  then  
added t o  t h e  des i r ed  mold. This mold, a s  p r ev ious ly  no ted ,  i s  p laced  
i n  b o i l i n g  water  f o r  approximately t h i r t y  minutes.  Af t e r  cool ing t o  
room temperature  t h e  p a r t i c l e  i s  removed. The r e s u l t i n g  p a r t i c l e  is  
sprayed with s e v e r a l  coa t ings  o f  c l e a r  varn ish .  The p a r t i c l e  then  has  
a  f i x e d  s i z e  and dens i ty ,  with no p o s s i b i l i t y  of  water  absorp t ion  during 
i t s  pe r iods  of  prolonged immersion. By such methods, p a r t i c l e s  wi th  
, s u f f i c i e n t  parameter iza t ion  as  wel l  as s i g n a l  s t r e n g t h  may be ob ta ined .  
Figure 4 shows a  schematic of  t h e  f a b r i c a t e d  p a r t i c l e .  
Undoubtedly t h e  most vexing problem of  previous experiments has  
been t h a t  of poor s igna l - t o -no i se  r a t i o s .  In    ones' work high frequency 
components, no tab ly  t h a t  of 60 Hz and 120 H z ,  proved extremely t roub le -  
some; whereas S h i r a z i  f i l t e r e d  h i s  s i g n a l s  t o  such an e x t e n t  t h a t  it i s  
ques t ionable  whether v a l i d  high frequency con t r ibu t ions  were r e t a ined .  
Consequently a  g r e a t  dea l  o f  e f f o r t  has been spen t  a t tempt ing  t o  optimize 
t h e  s igna l - t o -no i se  with an eye toward r e t a i n i n g  t r u e  high frequency 
s i g n a l s  while f i l t e r i n g  out  t h e  spur ious  high frequency no i se .  
Figure 5 shows t h e  p a r t i c l e  t r a j e c t o r y  d a t a  a c q u i s i t i o n  system used 
by Jones .  The f i rs t  improvement on t h i s  system was t h e  placement of a  
p r e f i l t e r i n g  RC network immediately be fo re  t h e  d i f f e r e n c i n g  ampl i f i e r s .  
Tes t s  of s i g n a l  ga in  through the  f i l t e r  bank versus  frequency showed 
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Fig. 5 P a r t i c l e  Tra jec tory  Data Acquisi t ion System 
t h a t  f o r  a  combination of 40 KR r e s i s t o r  and .02 uf cap ica to r  no drop 
i n  ga in  occurred u n t i l  a  s i g n a l  frequency of some 50 Hz was reached. 
Other f i l t e r  combinations such a s  100 KR and .03 pf as  wel l  a s  300 KR 
and .05 pf showed considerable ga in  drop beyond a  frequency 5  Hz. Since 
frequencies below -30 Hz a r e  of  p a r t i c u l a r  importance a s  a l l  t h e  s i g n i f i c a n t  
f l u i d  tu rbu len t  energy is  contained i n  t h i s  range, t hese  l a s t  two f i l t e r  
combinations a re  c l e a r l y  unacceptable; while the  40 KR and 0.02 pf com- 
b ina t ion  allows v i r t u a l l y  no s i g n a l  l o s s  and thus was chosen f o r  s i g q a l  
p r e f i l t e r i n g .  
Four Bay Laboratories d i f f e rence  ampl i f ie rs  having both s u i t a b l e  ga in  
adjustment f o r  c a l i b r a t i o n  and balancing and sharp low pass f i l t e r i n g  
c a p a b i l i t y  were procured f o r  t he  system. Comparison of t h e  fou r  ampl i f i e r s  
showed t h a t  they were q u i t e  s i m i l a r  i n  t h e i r  e l e c t r o n i c  c h a r a c t e r i s t i c s  
e spec ia l ly  with respec t  t o  phase s h i f t .  A s  t h e  100 Hz f i l t e r  s e t t i n g  
on these  d i f f e rence  ampl i f ie rs  d i d  no t  produce a  dec l ine  i n  s i g n a l  
output  u n t i l  s i g n a l  frequency exceeded 30 Hz t h i s  was used t o  pos t  
f i l t e r  t h e  d i f fe renced  s i g n a l .  
One of t h e  b a s i c  sources of noise i n  e a r l i e r  work proved t o  be the  
photomul t ip l ie r  tubes which provided t h e  b a s i c  s i g n a l  de t ec t ion .  Indeed 
it was found t h a t  noise  was produced due t o  t h e  phys ica l  motion of t hese  
de tec to r s .  The o r i g i n a l  tubes a l s o  were obtained from surp lus  and were 
d i f f i c u l t  t o  keep balanced and ca l ib ra t ed .  In add i t ion  they were not  
equipped with s c i n t i l l a t i o n  c r y s t a l s ,  a  necess i ty  f o r  gamma ray  sensing.  
Therefore, new Harshaw Chemical Company photomul t ip l ie rs  were i n s t a l l e d .  
These de tec to r s  u t i l i z e  r u g g e d i d  RCA 6199 phototubes on which 1" x  1" 
c y l i n d r i c a l  NaI(TR) c r y s t a l s  a r e  mounted, t h e  whole assembly being 
h e m e t i c a l l y  s e a l e d  i n  aluminum. 
Matching o f  tube p a i r s  was accomplished us ing  a  5  mi l l i cu r i e  cesium 
137 source .  Noise was found t o  be l e s s  than 0.6 mv rms f o r  a l l  t h e  
phototubes.  The s igna l - t o -no i se  r a t i o  f o r  t h i s  p a r t i c u l a r  source  was 
22.7 a t  a  d e t e c t o r  vo l t age  of 900 v o l t s .  A f t e r  t h e  dec i s ion  t o  use 
coba l t  60 had been taken,  s i gna l - t o -no i se  was determined f o r  two c o b a l t  
sources :  5  m i l l i c u r i e s ,  which gave a  r a t i o  o f  20.9 a t  a  d e t e c t o r  vo l t age  
of  850 v o l t s ;  and 12 m i l l i c u r i e s ,  whose s igna l - t o -no i se  r a t i o  a t  a  d e t e c t o r  
vo l t age  of 800 v o l t s  proved t o  be 39.1. Fu r the r ,  i t  was found t h a t  t h e  
power s p e c t r a l  dens i t y  of  t h e  s t a t i c  coba l t  60 no ise  was nea r ly  i d e n t i c a l  
f o r  bo th  sources ;  thus  t h e  dec i s ion  t o  use  coba l t  sources  of  10 m i l l i c u r i e s .  
i n t e n s i t y .  
Spectrum a n a l y s i s  f o  t h e  X-detector d i f f e r e n c e  s i g n a l  from t h e  
s t a t i c  cesium source i s  shown i n  Fig.  6  f o r  var ious  combinations o f  p r e -  
and p o s t - f i l t e r i n g .  A t y p i c a l  t u r b u l e n t  water spectrum i s  observed t o  
i 
l i e  w i th in  t h e  spectrum of  t h e  40 Ki2 and 0.02 u f  p r e f i l t e r i n g  and 100 Hz 
p o s t - f i l t e r i n g ,  s o  t h a t  t h i s  combination of  f i l t e r s  r e t a i n s  t h e  important 
information of  t h e  water  spectrum b u t  e l imina t e s  t h e  h ighe r  frequency 
no i se .  
A s  a  t e s t  of  t h e  r e so lv ing  power o f  t h e  d e t e c t o r  system a s  a  whole, 
t h e  5  m i l l i c u r i e  cesium p a r t i c l e  was spun i n  a  c i r c u l a r  t r a j e c t o r y  i n  
t h e  x-y p l ane  a t  f requenc ies  of  4.65, 9.19 and 19.91 Hz and t h e  dynamic 
power s p e c t r a  from t h e  d e t e c t o r s  observed. One such s p e c t r a  i s  shown 
i n  Fig.  7. Peaks i n  t h e  power s p e c t r a  of  t h e  var ious  s i g n a l  d i f f e r e n c e s  
occurred a t  4 .5 ,  10.0, and 21.5 Hz implying r e s o l u t i o n s  o f  3.23%, 8.82% 
and 7.99% f o r  t he se  f requenc ies .  A s  t he  p a r t i c l e ' s  energy spectrum 
drops o f f  r a t h e r  sha rp ly  a f t e r  5  Hz ,  r e s o l u t i o n  in -accurac ies  of 3% t o  
6% may be expected. 
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Fig. 7 Resolving Efficiency o f  the Detecting System 
A f u r t h e r  improvement on t h e  b a s i c  monitor ing appara tus  has  been 
t h e  a d d i t i o n  of  a feedback mechanism which uses  t h e  d i f f e r enced  s i g n a l  
from one p a i r  o f  t h e  v e r t i c a l  ( i . e .  Z-d i rec t ion)  d e t e c t o r s  t o  i nc rease  
o r  decrease t h e  monitoring c a r r i a g e  speed enabl ing  it t o  accu ra t e ly  
move along with t h e  mean speed of t h e  p a r t i c l e .  
In  conclusion,  ex tens ive  modi f ica t ions  t o  t h e  experimental  system 
a s  a  whole have been made s o  a s  t o  enable  accu ra t e  and n o i s e  f r e e  p a r t i c l e  
t r a j e c t o r y  d a t a  t o  be  taken .  Changes i n  t h e  water  flow loop have r e s u l t e d  
i n  s t a t i o n a r y  f l u i d  tu rbulence  and t h e  capac i ty  t o  monitor t h e  flow f i e l d  
a t  s e v e r a l  p o s i t i o n s  along t h e  t e s t  s e c t i o n  length .  Success fu l  techniques 
al low t h e  f a b r i c a t i o n  o f  p a r t i c l e s  wi th  wide parameter iza t ion .  Pre- 
and p o s t - f i l t e r i n g  of  t h e  d e t e c t o r  s i g n a l s  has enabled n o i s e  t o  be  
d r a s t i c a l l y  reduced. Thus, t h e  experimental  system has been improved 
t o  enable  t h e  d e s i r e d  fundamental d a t a  t o  be ob ta ined  wi th  t h e  necessary  
L 
accuracy r equ i r ed  t o  advance t h e  s tudy  of  p a r t i c l e  t r a n s p o r t  i n  t u r b u l e n t  
f l u i d  flow. 
I n  a  companion s tudy  designed f o r  d e t a i l e d  measurements of  t h r e e -  
dimensional,  f u l l y  developed, t u r b u l e n t  s t r u c t u r e  o f  t h e  v e l o c i t y  f i e l d ,  
~ u r c h i l l ' ~  measured t h e  Euler ian  f i e l d  o f  t h e  c e n t r a l  core  reg ion  of 
p ipe  flow of  wa te r .  This information i s  d i r e c t l y  usab le  f o r  comparison 
with t h e  t u r b u l e n t  s t r u c t u r e  o f  t h e  p a r t i c l e  motion and t o  suppor t  t h e  
assumption t h a t  t h e  flow f i e l d  employed is  e s s e n t i a l l y  homogeneous and 
i s o t r o p i c .  
ANALYTICAL 
Ana ly t i ca l ly ,  emphasis has been d i r e c t e d  toward a  b e t t e r  under- 
s tanding  of non-Stokesian drag. One of t h e  b a s i c  problems i n  an 
a n a l y t i c a l  desc r ip t ion  of p a r t i c l e  motion i n  a  f l u i d  medium i s  t h e  de- 
p a r t u r e  from l i n e a r i t y  of  t h e  drag force  a c t i n g  on t h e  p a r t i c l e  as  i t s  
Reynolds number i s  increased  beyond un i ty ,  t h e  Stokesian l i m i t .  This 
non- l inear  c h a r a c t e r i s t i c  can be  troublesome when it i s  included i n  t h e  
p a r t i c l e ' s  dynamic equat ion of motion and i n  many cases  i s  only approxi- 
mately considered o r ,  indeed, neglec ted  e n t i r e l y .  Consequently it was 
f e l t  t h a t  t h e  l i n e a r i z a t i o n  of t h i s  he re to fo re  non- l inear  fo rce  term 
would be of b e n e f i t  no t  only i n  s impl i fy ing  t h e  p a r t i c l e ' s  equat ion of 
motion, b u t  a l s o  i n  providing a  b e t t e r  understanding of t h e  mani fes ta t ions  
of non-Stokesian drag. Since t h i s  development i s  t o  be  submit ted f o r  
pub l i ca t ion  i n  t h e  n e a r  f u t u r e  (see r e f .  17) only a  b r i e f  o u t l i n e  w i l l  
be  presented he re in .  
To accomplish l i n e a r i z a t i o n  of t h e  non- l inear  drag fo rce  equat ion,  
a  diagonal t e n s o r  
ti = (t' e x x  ; ) 
XX 
i s  introduced i n t o  t h e  equat ion,  which i n  t e n s o r  no ta t ion  may be  w r i t t e n  
where F i s  t h e  Stokesian force  ac t ing  on t h e  s p h e r i c a l  p a r t i c l e  due 
s , i  
t o  t he  d i f f e r e n c e  between t h e  f l u c t u a t i n g  f l u i d  and f l u c t u a t i n g  p a r t i c l e  
v e l o c i t i e s  and Gi i s  t h e  drag fo rce  ac t ing  on t h e  p a r t i c l e  due t o  i t s  
f r e e  f a l l .  Recal l ing t h a t  t he  general  r e l a t i o n s h i p  between t h e  drag 
c o e f f i c i e n t  and drag fo rce  may be w r i t t e n  as:  
where:A - c h a r a c t e r i s t i c  a rea  of t h e  p a r t i c l e  presented t o  the  f l u i d  
flow ( i . e .  i t s  cross  s e c t i o n a l  a rea)  
K 1 c h a r a c t e r i s t i c  k i n e t i c  energy pe r  u n i t  volume 
. r e l a t i v e  ve loc i ty  u n i t  vec tor  i n  t h e  ith d i r e c t i o n  
P- 1 
- ( u i - u  ) / [ u i - u  I 
p s i  p s i  
i - ith component of t he  f l u i d  v e l o c i t y  
u  - ith component of the p a r t i c l e ' s  ve loc i ty  p s i  
From t h e  work of 1ngebo18 i t  i s  known t h a t  f o r  t h e  realm of p a r t i c l e  
f r e e  f a l l  Reynolds number, Re, between 6 and 400 the  p a r t i c l e ' s  drag 
c o e f f i c i e n t  may be expressed as:  
Using t h i s  drag c o e f f i c i e n t  i t  is then poss ib l e  t o  equate (2) and 
(3) r e s u l t i n g  i n  a  determination of t h e  l i n e a r i z a t i o n  parameters 6 . i j '  
where: f  - p a r t i c l e ' s  f r e e  f a l l  ve loc i ty  
u  - r e l a t i v e  f l u c t u a t i n g  ve loc i ty  between t h e  f l u i d  and the  
Rz p a r t i c l e  
In genera l ,  s i n c e  t h e  p a r t i c l e ' s  f r e e  f a l l  v e l o c i t y  w i l l  exceed t h e  
r e l a t i v e  f l u c t u a t i n g  v e l o c i t y  d i f f e rence  between the  f l u i d  and t h e  
p a r t i c l e  we may take  
Figure 8 shows the  predic ted  values f o r  these  parameters.  I t  i s  apparent 
t h a t  6ii a r e  l imi t ed  t o  values below 3 . 4  and indeed have approximately 
the  same values although, because g rav i ty  tends t o  provide a  p r e f e r e n t i a l  
p a r t i c l e  v e l o c i t y  long i tud ina l ly  i n  the v e r t i c a l  d i r e c t i o n ,  s l i g h t  
d i f f e rences  between t h e  longi tudina l  and t ransverse  p a r t i c l e  behavior 
a r e  predic ted .  
Changes i n  t h e  p a r t i c l e ' s  response t o  f l u i d  acce le ra t ions  due t o  
non-Stokesian drag may now be examined. Following Chao5 i t  is poss ib l e  
t o  determine a  p a r t i c l e  response funct ion 
where: u1 - rms of  the  f l u i d ' s  f l u c t u a t i n g  ve loc i ty  i 
u  
1 
- rms of t he  p a r t i c l e ' s  f l u c t u a t i n g  v e l o c i t y  
p , i  
w - c i r c u l a r  frequency of p a r t i c l e  motion 
a  - p a r t i c l e  r ad ius  
p - f l u i d ' s  dens i ty  
p - p a r t i c l e ' s  dens i ty  
P  
Drag Parameter, Bii 
nu0 
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and t h e  s p e c t r a l  energy r a t i o  
Figure 9, 10, and 11 show how non-Stokesian e f f e c t s  ( r e c a l l  6 = 1.0 i i 
f o r  Stokesian behavior) a f f e c t  t h i s  s p e c t r a l  energy r a t i o  a s  p a r t i c l e  
dens i ty  increases .  From these  f i g u r e s  i t  is evident  t h a t  non-Stokesian 
e f f e c t s  tend t o  inc rease  p a r t i c l e  response a t  decreasing values of  X 
a s  p a r t i c l e  dens i ty  increases .  
Of f u r t h e r  i n t e r e s t  is  an examination of t h e  d i f f e rence  between 
non-Stokesian and Stokesian s p e c t r a l  energy r a t i o s  
Figure 12 shows t h i s  d i f f e rence ,  f o r  s e l e c t e d  values of B and 6, as  a 
* funct ion  of  normalized frequency, A .  A s  can be seen  t h e  major i ty  of 
t h e  non-Stokesian cont r ibut ion  occurs wi th in  a d e f i n i t e  frequency band. 
Indeed, a s  t he  p a r t i c l e s  become q u i t e  heavy i n  comparison t o  t h e  f l u i d  
( i . e .  6 + 0) it may be  shown t h a t  t h e  maximum cont r ibut ion  t o  t h e  
s p e c t r a l  energy dens i ty .due  t o  non-Stokesian e f f e c t s  is:  
which occurs a t  a normalize frequency of 
% 
A A = B sii (13) 
max 
The behavior of p a r t i c l e s  o f  i n t e r e s t  t o  p o l l u t i o n  s t u d i e s  has been 
examined. In  Fig. 13, carbon i n  a i r ,  with a t y p i c a l  wind tunnel  energy 
spectrum shown f o r  comparison, i s  considered. Since t h e  non-Stokesian 
e f f e c t s  occur i n  t h e  energy containing region of t h e  turbulence . . 
( 1 )  (2) Spectral Energy Ratio /a 
Normalized Frequency: w / a  
Fig. 10 Particle Response Function for Moderately 
Heavy Particles (6  = 0.8) 
Spectral Energy Ratio SZ(')/~ (2) 
Normalized Frequency: w / a  
Fig.  12 Non-Stokesian Drag Addit ion t o  
Stokesian P a r t i c l e  Response Function 
f o r  Se l ec t ed  B and 6 
Frequency: f (Hz) 
Fig. 13 Non-Stokesian Drag Addition to Stokesian Particle Response 
Function and Power Spectral Density for Carbon Particles in Air 
i t  i s  t o  b e  expec ted  t h a t  t h e y  add s i g n i f i c a n t l y  t o  p a r t i c l e  b e h a v i o r .  
However, i n  F ig .  14 t h e  behav ior  o f  sand  i n  w a t e r ,  t o g e t h e r  w i t h  an 
energy spectrum of t u r b u l e n c e  w a t e r  p i p e  f l o w , i s  shown. I t  is  s e e n  
t h a t  maximum non-Stokesian c o n t r i b u t i o n s  come a t  f r e q u e n c i e s  much beyond 
t h e  realm o f  f l u i d  energy c o n t e n t  and, t h e r e f o r e ,  a r e  p robab ly  on ly  o f  
minor s i g n i f i c a n c e .  
I n  conc lus ion ,  an a n a l y t i c a l  t echn ique  h a s  been developed e n a b l i n g  
t h e  l i n e a r i z a t i o n  of t h e  d rag  f o r c e .  This  l i n e a r i z a t i o n  r e q u i r e s  t h a t  
t h e  p a r t i c l e ' s  Reynolds number l i e  nominal ly  i n  t h e  range  6 6 Re < 400 
and t h a t  t h e  p a r t i c l e ' s  f r e e  f a l l  v e l o c i t y  b e  l a r g e r  t h a n  t h e  d i f f e r e n c e  
between i t s  f l u c t u a t i n g  v e l o c i t y ,  and t h a t  o f  t h e  f l u i d  f i e l d  which 
i s  always s a t i s f i e d  p h y s i c a l l y .  (See r e f .  17 f o r  a d i s c u s s i o n  o f  t h i s  
p o i n t . )  When a p p l i e d  t o  t h e  p a r t i c l e ' s  r esponse  f u n c t i o n  i t  was found 
t h a t  non-Stokesian e f f e c t s  t e n d  t o  i n c r e a s e  t h e  p a r t i c l e ' s  r esponse  i n  
I 
a d e f i n i t e  f requency band which s h i f t s  toward lower f r e q u e n c i e s  a s  
p a r t i c l c  s i z e  and weight a r e  i n c r e a s e d .  I t  was found t h a t  i n  t h e  case  
o f  wind t u n n e l  exper iments  non-Stokesian e f f e c t s  a r e  of d e f i n i t e  
importance;  whereas they  p robab ly  a r e  o f  on ly  minor importance i n  w a t e r  
exper iments .  
Th i s  a p p l i c a t i o n  o f  non-Stokesian drag t o  t h e  p a r t i c l e ' s  r esponse  
f u n c t i o n  i s  b u t  one o f  t h e  p o s s i b l e  u s e s  o f  t h i s  l i n e a r i z a t i o n  t e c h n i q u e .  
I t  i s  hoped t h a t  i t  may prove u s e f u l  i n  o t h e r  c a s e s  where non-Stokesian 
b e h a v i o r  must b e  cons idered .  
- F(f ) ; Jones - Pipe Flow 
Frequency: f (Hz) 
Fig. 14 Non-Stokesian Drag Addition t o  Stokesian P a r t i c l e  Response Function 
and Power Spect ra l  Density f o r  Sand P a r t i c l e s  i n  Water 
CONCLUSIONS AND DISCUSSION OF RESEARCH CONTINUATION 
A s  o r i g i n a l l y  conceived t h i s  research p r o j e c t  had as  i t s  primary 
goa ls  : 1) Experimental sys  tem modif icat ions t o  provide the  c a p a b i l i t y  
of d i r e c t  measurement of f l u i d  turbulence i n  t h e  t e s t  s e c t i o n  and t h e  
requi red  improved r e s o l u t i o n  of t h e  p a r t i c l e  t r a j e c t o r y  monitoring 
system, as  wel l  as  wide parameter iza t ion  of t he  p a r t i c l e  c h a r a c t e r i s t i c s ,  
both of which a r e  e s s e n t i a l  f o r  t hese  d e t a i l e d  s t u d i e s  of p a r t i c l e  
behavior  i n  t u rbu len t  f l u i d  flows; and 2) Analy t ica l  examination of 
p a r t i c l e  motion t o  enable determinat ion of t h e  b a s i c  parameters which 
cha rac t e r i ze  p a r t i c l e  behavior i n  such flows. These two r a t h e r  broad 
ob jec t ives  have been accomplished and s p e c i f i c  d e t a i l s  have been included 
i n  t he  Experimental and Analy t ica l  s e c t i o n s  of t h i s  document. The 
impl ica t ions  of accomplishing these  ob jec t ives  on continued research i n  
' both t h i s  s p e c i f i c  research s tudy  and water  resources problems i n  genera l  
a r e  d iscussed  i n  t h i s  s e c t i o n .  
In  t he  i n i t i a l  of suspended p a r t i c l e  behavior  i n  t u r -  
bu len t  flows, s i g n i f i c a n t  d i f f i c u l t i e s  had been encountered, e s p e c i a l l y  
i n  t he  determinat ion of p a r t i c l e  t r a j e c t o r y ,  due t o  e l e c t r o n i c  no i se .  
Improvements t o  t h e  experimental e l e c t r o n i c  system have r e s u l t e d  i n  major 
reduct ions  i n  noise- to-s igna l  l e v e l s  and have enabled p a r t i c l e s  t o  be 
f a b r i c a t e d  over  a  wide v a r i a t i o n  of phys ica l  c h a r a c t e r i s t i c s .  These, 
c h a r a c t e r i s t i c s  cover themajor  ranges of suspended p a r t i c u l a t e  of many 
water  resources r e l a t e d  problems, i . e .  from heavy (sand) t o  l i g h t  
(organic)  p a r t i c l e s .  The improved system provides r e l a t i v e l y  no i se  f r e e  
and accu ra t e  t r ack ing  f o r  t h e  p a r t i c l e s  as  they move with t h e  tu rbu len t  
water .  
Since many water p o l l u t a n t s  encountered i n  p r a c t i c a l  engineering 
s i t u a t i o n s  (such as  sand i n  water) tend t o  be r e l a t i v e l y  heavy and 
l a rge ,  they tend t o  have Reynolds numbers much i n  excess of  t h e  Stokes 
l i m i t  of nea r  un i ty .  Most a n a l y t i c a l  s t u d i e s  of p a r t i c l e  motion, 
however, a r e  r e s t r i c t e d  t o  Stokesian p a r t i c l e  behavior  because of t h e  
d i f f i c u l t  non- l inear  drag aspec ts  of non-Stokesian behavior .  Unfortunately 
r e s u l t s  obtained from analyses  which ignore  non- l inear  drag f o r  non- 
Stokesian condit ions may not  be v a l i d .  Consequently, s i n c e  t h i s  p r o j e c t  
was p r imar i ly  i n t e r e s t e d  i n  water  borne, non-Stokesian p a r t i c l e s ,  an 
a n a l y t i c a l  s tudy  was conducted t o  i n v e s t i g a t e  t hese  e f f e c t s .  The 
i n v e s t i g a t i o n  succes s fu l ly  developed a  method f o r  l i n e a r i z i n g  t h e  drag 
force  over an extended p a r t i c l e  Reynolds number range. I t  was found, 
as  f a r  as  p a r t i c l e  response was concerned, t h a t  non-Stokesian e f f e c t s  
, play  a  r e l a t i v e l y  minor r o l e  i n  water  born p a r t i c l e  t r a n s p o r t .  
With the  accomplishments of t h i s  p r o j e c t ,  f u t u r e  e f f o r t  w i l l  be  
d i r e c t e d  toward u t i l i z a t i o n  of t h e  t o o l s  developed he re in .  The 
experimental program w i l l  provide fundamental d a t a  from which the  t r a n s p o r t  
phenomena of p a r t i c l e m a y  be  s tud ied  i n  d e t a i l .  A wide v a r i e t y  of  
experimental parameter v a r i a t i o n s  w i l l  b e  used, inc luding  p a r t i c l e  
s i z e  and dens i ty ,  a s  wel l  a s  p a r t i c l e  shape, s o  as  t o  b e t t e r  s imula te  
a c t u a l  s o l i d  p o l l u t a n t  ma te r i a l s .  Ana ly t i ca l ly ,  emphasis w i l l  be  placed 
on t h e  d e t a i l e d  formulat ion of t he  motion of a  p a r t i c l e  i n  a  t u rbu len t  
f l u i d  f i e l d  i n  which non- l inear  drag e x i s t s .  Two e f f e c t s  seem t o  be of 
p a r t i c u l a r  importance. The f i r s t  i s  t he  so -ca l l ed  c ross ing  t r a j e c t o r i e s  
e f f e c t  which descr ibes  t he  l o s s  of c o r r e l a t i o n  and the  reduct ion  of 
d i spe r s ion  a s  the  p a r t i c l e  moves from one region of c o r r e l a t e d  f l u i d  
t o  another .  The second i s  the  i n e r t i a  e f f e c t  which descr ibes  t he  r eac t ion  
of t he  p a r t i c l e  t o  f l u i d  a c c e l e r a t i o n s .  I t  i s  hoped t h a t  such a  formulat ion 
w i l l  allow an i n t e r n a l l y  cons i s t en t  syn thes i s  o f  both t h e  c ross ing  
t r a j e c t o r i e s  e f f e c t ,  as  expressed by csanady? and i n e r t i a l  e f f e c t s ,  t r e a t e d  
5 
notab ly  by Chao , s o  as  t o  allow a  more complete desc r ip t ion  of p a r t i c l e  
motion i n  a  t u rbu len t  flow. 
One of  t h e  advantages obtained by pursuing s imultaneously both t h e  
a n a l y t i c a l  and experimental aspec ts  of t h e  continued research  i s  t h a t  
of  having each aspec t  complement t h e  o t h e r .  By such combined work t h e  
experimental ly  important parameter iza t ion  of p a r t i c l e  c h a r a c t e r i s t i c s  can 
be  determined from t h e  a n a l y t i c a l  model and cons iderable  reduct ion  of 
experimental measurements can r e s u l t .  On t h e  o the r  hand, t h e  experimental 
observat ions provide appropr ia te  information from which t o  cons t ruc t  
a n a l y t i c a l  models. 
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